Variants in DCDC2 have been associated with reading disability in humans, and targeted mutation of Dcdc2 in mice causes impairments in both learning and sensory processing. In this study, we sought to determine whether Dcdc2 mutation affects functional synaptic circuitry in neocortex. We found mutation in Dcdc2 resulted in elevated spontaneous and evoked glutamate release from neurons in somatosensory cortex. The probability of release was decreased to wild-type level by acute application of N-methyl--aspartate receptor (NMDAR) antagonists when postsynaptic NMDARs were blocked by intracellular MK-801, and could not be explained by elevated ambient glutamate, suggesting altered, nonpostsynaptic NMDAR activation in the mutants. In addition, we determined that the increased excitatory transmission was present at layer 4-layer 4 but not thalamocortical connections in Dcdc2 mutants, and larger evoked synaptic release appeared to enhance the NMDAR-mediated effect. These results demonstrate an NMDAR activation-gated, increased functional excitatory connectivity between layer 4 lateral connections in somatosensory neocortex of the mutants, providing support for potential changes in cortical connectivity and activation resulting from mutation of dyslexia candidate gene Dcdc2.
Introduction
Developmental dyslexia, or reading disability (RD), is a common learning disorder that is not understood at the level of neocortical microcircuits (Galaburda et al. 2006; Peterson and Pennington 2012; Rosenberg et al. 2012) . While variants or mutations in any single gene do not cause dyslexia, genetic variants in DCDC2 have been linked to an increased risk of dyslexia in multiple gene association studies across several populations (Meng et al. 2005; Schumacher et al. 2006; Couto et al. 2009; Marino et al. 2011 Marino et al. , 2012 . In addition, imaging-genetic studies have started to establish correlations between gray/white matter volume and DCDC2 variants in brains regions implicated in reading, including superior prefrontal, temporal, and occipital networks (Meda et al. 2008; Darki et al. 2012; Jamadar et al. 2012; Eicher and Gruen 2013) . Variants of DCDC2 are also linked to functional activation and connectivity in human neocortex Jamadar et al. 2012) as well as to performance in cognitive tasks, suggesting possible function in regulating structural and functional neural networks. Furthermore, mutation of Dcdc2 in mice has been reported to lead to changes in learning and sensory processing. Consistent with a potential role of DCDC2 in a subset of cognitive functions, Dcdc2 mutant mice display deficits in performance of some, generally more difficult maze tasks, suggesting impaired visuo-spatial working memory (Gabel et al. 2011) . Poorer performance by mutant mice in modified radial arm maze tasks further confirmed deficits in working memory as a result of Dcdc2 mutation (Truong et al. 2014 ). In addition, prepulse inhibition paradigm revealed impaired rapid auditory processing in Dcdc2 mutant mice (Truong et al. 2014) , difficulties in which have also been found in up to 63% of RD individuals (Ramus 2003; Raschle et al. 2013) . These studies provide compelling evidence that Dcdc2 mutation results in neurological changes that underlie cognitive impairments, and yet little is known about these changes at the cellular, synaptic level when Dcdc2 function is compromised.
Requirements of Dcdc2 for normal electrophysiological patterns are beginning to be revealed by analyzing electrophysiological responses in Dcdc2 mutant mice (Che et al. 2013) . Specifically, neocortical pyramidal neurons in layers 2/3 and 4 in Dcdc2 mutants display degraded spike-time precision caused by elevation in spontaneous NMDAR activation (Che et al. 2013) . These results suggest that glutamatergic synaptic transmission might be abnormal in Dcdc2 mutant mice, and led us to further investigate synaptic changes caused by Dcdc2 mutation. We report in this study that the probability of excitatory transmitter release is elevated in layer 4 neurons in somatosensory neocortex of Dcdc2 mutants. Using pharmacological approaches and paired whole-cell recordings, we showed that the elevated release is mediated by increased NMDAR activation on the presynaptic neuron, and is present between layer 4-layer 4 connections but not thalamocortical inputs. The link between Dcdc2 gene function and elevated transmitter release mediated by NMDAR activation discovered here may indicate novel therapeutic targets, particularly for forms of RD that are nonresponsive to current interventions.
Materials and Methods

Immunohistochemistry and Microscopy
All experiments involving animals were performed under the approval of the University of Connecticut Animal Care and Use Committee. For histology, P25 Tg(Dcdc2a-EGFP)JC 158 Gsat mice were transcardially perfused under deep anesthesia with 4% paraformaldehyde in 1X phosphate-buffered saline. Brains were postfixed for 24 h prior to being sectioned with a vibratome (Leica) at 60 µm, and processed for immunostaining as floating sections. Primary antibody used was goat anti-GFP (1:1000, Molecular Probes) and secondary antibody was rabbit anti-goat conjugated with Alexa 488 (1:400, Molecular Probes). Photomicrographs were acquired with Zeiss Axio Imager 2 with a Zeiss ApoTome module.
Acute Brain Slice Preparation
P20-P28 wild-type and Dcdc2 mutant mice were deeply anesthetized with isoflurane and then decapitated. Brains were rapidly removed and immersed in ice-cold oxygenated (95% O 2 and 5% CO 2 ) dissection buffer containing (in mM): 83 NaCl, 2.5 KCl, 1 NaH 2 PO 4 , 26.2 NaHCO 3 , 22 glucose, 72 sucrose, 0.5 CaCl 2 , and 3.3 MgCl 2 . Coronal slices (400 µm) were cut using a vibratome (VT1200S, Leica), incubated in dissection buffer for 40 min at 34°C, and then stored at room temperature for reminder of the recording day. All slice recordings were performed at 34°C unless otherwise specified. Slices were visualized using IR differential interference microscopy (E600FN, Nikon) and a CCD camera (QICAM, QImaging). Individual cells were visualized with a ×40 Nikon Fluor water immersion (0.8 NA) objective.
Whole-Cell Recording
For all experiments, external recording buffer was oxygenated (95% O 2 and 5% CO 2 ) and contained (in mM): 125 NaCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 3 KCl, 25 dextrose, 1 MgCl 2 , and 2 CaCl 2 . Patch pipettes were fabricated from borosilicate glass (N51A, King Precision Glass, Inc.) to a measured tip resistance of 2-5 MΩ when pipettes were filled with an internal solution containing (in mM): 125 potassium gluconate, 10 KCl, 10 HEPES, 4 Mg-ATP, 0.3 Na-GTP, 0.1 EGTA, 10 phosphocreatine, 0.05% biocytin, adjusted to pH 7.3 with KOH and to 278 mOsm with double-distilled H 2 O. Signals were amplified with a Multiclamp 700A amplifier (Molecular Devices), digitized with an ITC-18 digitizer (HEKA Instruments, Inc.), and filtered at 2 KHz. Data were monitored, acquired, and in some cases analyzed using Axograph X software. Series resistance was monitored throughout the experiments by applying a small test voltage step and measuring the capacitive current. Series resistance was 5-25 MΩ and only cells with <20% change in series resistance and holding current were included for analysis. Liquid junction potential was not corrected.
All miniature excitatory postsynaptic currents (mEPSCs) were measured in the presence of the GABA A receptor blocker SR-95531 (Gabazine, 5 µM, Ascent Scientific) and in tetrodotoxin (TTX, 1 µM, Ascent Scientific) to isolate α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)-mediated events. AMPAR-mediated mEPSC were recorded at −80 mV and MK-801 (1 mM) was added in recording pipette additionally to block the postsynaptic NMDAR-mediated currents in experiments where the effect of NMAR blockade in presynaptic cells was examined. Frequency, amplitude, rise, and decay time of mEPSCs were measured before and after the application of the NMDAR blocker DL-2-amino-5-phosphopentanoic acid (DL-APV, also abbreviated as APV, 100 µM, Ascent Scientific). 100 µM DL-APV washes were 8-10 min in duration and 180 s chart recordings before and after (while APV application continued) the drug wash were acquired and used for analysis. In specified experiments, Ro25-6981 (0.5 µM, Ascent Scientific) was used to block NR2B subunits; N-methyl--aspartic acid (NMDA, 20 µM, Tocris) or threo-β-benzyloxyaspartic acid (TBOA, 30 µM, Tocris) was used to increase glutamate receptor activation. To detect mEPSC events, a variable amplitude template was slid through the 180 s chart recordings (Clements 1997) . The parameters of the template, including amplitude, 10-90% rise time, and decay time, were determined based on an average of real events as well as previously reported values. The detection threshold was 3-7 times of the noise standard deviation, and events with large baseline error were rejected additionally.
Evoked postsynaptic currents (EPSCs) were evoked using an isolated pulse stimulator unit (A-M system, model 2100, Sequim, WA, USA) with a glass electrode filled with the same external recording solution, placed 100-150 µm lateral to the recording pipette for extracellular stimulation of horizontal layer 4 connections. For paired-pulse experiments pairs of stimuli (30 and 50 Hz for experiment in Fig. 1 ) were delivered every 20 s and EPSCs were recorded at −80 mV to isolate AMPAR-mediated excitatory responses. In experiments where the effect of APV was accessed, MK-801 (1 mM) was added in recording pipette to ensure blockade of postsynaptic NMDAR-mediated currents. Small adjustments were made to the placement of the stimulating electrode so that single-peak EPSC responses were elicited. In cases where consistent single-peak EPSCs were unachievable, only the first, well-defined peak of the multicomponent EPSCs were used for analysis. Amplitude of the EPSCs was measured relative to a 2-ms baseline period 1 ms before the onset of the stimulation. For thalamocortical stimulation, slices were prepared following methods described by Agmon and Connors (1991) modifications (Porter et al. 2001) . The stimulating electrode was placed in the ventrobasal nucleus of the thalamus, and recordings were made at room temperature in excitatory cells in the barrel cortex. To compare the effect of APV on first-spike amplitude and variance, baclofen (5 µM), a GABA B receptor agonist, was used to reduce presynaptic release, and NBQX (0.3 µM) was used to partially block postsynaptic AMPARs. For every cell recorded, 20-50 sweeps were collected after each drug wash. For recording synaptically connected pairs of layer 4 neurons, simultaneous whole-cell recordings were performed on 2 cells located in close proximity. Synaptic connections were established by eliciting action potentials in one neuron by injecting 3 nA current for 1 ms, and recording EPSCs from another. Resting membrane potential (RMP) of the presynaptic neuron was adjusted to −75 mV with holding current, and ESPCs were recorded in the postsynaptic cell at −80 mV. Of 64 pairs attempted in wild types, 14 pairs were synaptically coupled (connectivity rate: 21.9%), similar to previous reports (Feldmeyer et al. 1999; Brasier and Feldman 2008) . Four of the 14 pairs were not used for analysis due to one of the cells in the pair either loosing a tight seal recording or a large change in series resistance before completing all protocols. In Dcdc2 mutants, 69 pairs were attempted and 16 pairs were found synaptically coupled (connectivity rate: 23.2%). Three of the 16 pairs were excluded from data analysis due to one of the cells in the pair either loosing a tight seal recording or developing a large increase in series resistance before completing all protocols. Pairs found to be synaptically coupled were tested for bidirection connections, of which none of the 14 wild-type pairs were connected bidirectionally, and 3 of the 16 mutant pairs were. In these 3 mutant pairs, the stronger synaptic connection was used for analysis. Once a synaptic connection was identified, pairs of action potentials were generated in the presynaptic cell at 30 Hz every 20 s, and unitary EPSCs were recorded in the postsynaptic cell. For every cell recorded, 50 sweeps were collected after each drug wash condition. Paired-pulse ratios and response amplitudes were determined for each pair then averaged, excluding failures.
For NMDA-to-AMPA ratio experiments, the internal solution contained (in mM): 110 CsMeSO 4 , 10 CsCl, 10 HEPES, 10 Cs 4 -BAPTA, 5 QX-314·Br, 0.1 spermine, 4 Mg-ATP, 0.4 Na-ATP, 10 phosphocreatine, 0.05% biocytin, adjusted to pH 7.3 with CsOH and to 278 mOsm with double-distilled H 2 O. Recordings began at least 10 min after initial whole-cell recording was achieved to allow dialysis of Cs + internal solution. A single extracellular stimulation was delivered every 10 s, while the cell was held at either −90 mV (AMPAR-mediated responses), 0 mV, or +50 mV (mixed AMPAR-mediated and NMDAR-mediated responses). Amplitudes of AMPAR-mediated current were measured as the average amplitude of a 1-ms window at the response peak relative to the baseline when the cell was clamped at −90 mV. The NMDAR-mediated current was measured at +50 mV as the average of a 10-ms window beginning 25 ms after the stimulus artifact, when AMPAR-mediated current has decayed to baseline (modified from Myme and Sugino (2003) ). For measuring spontaneous NMDAR-mediated events, cells were voltage clamped at +40 mV, and the AMPAR antagonist NBQX (10 µM) was included in addition to SR-95531 and TTX in the external recording buffer. Evident detection methods, similar to those described for mEPSC measurement but with different parameters, were used to obtain the average waveforms, amplitude, rise, and decay time.
Data Analysis and Statistics
Data analysis was performed using Axograph X built-in analysis and IGOR Pro software (Wavemetrics) on a Macintosh computer.
Statistics were performed using Prism 6 software (Graphpad), and graphs were generated in IGOR Pro software. Statistical significance was determined using either Student's t-tests (indicated on graphs with asterisks, *P < 0.05; **P < 0.01; ***P < 0.001; ns, P > 0.05) or ANOVA (indicated by P values in legends as well as results). For multiple comparisons tests following ANOVA, multiplicity adjusted P values were reported (indicated on graphs with asterisks, *P < 0.05; **P < 0.01; ***P < 0.001; ns, P > 0.05). Significance was based on P values <0.05. Means and standard errors were reported for all results unless otherwise specified.
Results
Glutamatergic Synaptic Activity in Layer 4 Is Elevated Following Dcdc2 Mutation
We made recordings from Layer 4 regular spiking neurons in somatosensory neocortex of the mouse both because these neurons showed the strongest Dcdc2 promoter activity as seen by dense eGFP labeling in Dcdc2-BAC transgenic mice ( Fig. 1A,B ; GENSAT BAC transgene, Tg(Dcdc2a-EGFP)JC158Gsat), and because previous in situ hybridization results showed that Dcdc2, while expressed at some level throughout the brain, shows expression in neocortex (Meng et al. 2005; Magdaleno et al. 2006; Burbridge et al. 2008) . To test for changes in synaptic properties in layer 4 neocortical neurons, we first compared the frequency and amplitude of mEPSCs in wild-type (Dcdc2 wt/wt , or wt/wt in figures) and Dcdc2 mutant mice (Dcdc2
, or del2/del2 in figures). Spontaneous glutamatergic synaptic currents were significantly elevated in frequency in the mutants (1.93 ± 0.31 Hz in Dcdc2 , t 21 = 0.48, P = 0.63) (Fig. 1E ) relative to Dcdc2 wt/wt controls. An increase in the frequency of glutamatergic mEPSCs, without change in amplitude or decay, points to either changes in probability of neurotransmitter release, or an increase in the number of synapses. We next tested whether there was an increase in the probability of transmitter release by performing paired-pulse analysis on electrically EPSCs by stimulation within layer 4, 50-100 µm lateral to the recorded layer 4 neurons (Fig. 1F,G ). All evoked responses were measured in the presence of SR-95531 (gabazine, 5 µM) to isolate excitatory synaptic circuitry from inhibitory circuits. The amplitude of the second excitatory synaptic response in wildtype neurons was either the same or slightly elevated relative to the first response amplitude (Fig. 1G,H) . In contrast, the mutants consistently showed paired-pulse depression, suggesting a higher probability of transmitter release (Del Castillo and Katz 1954; Zucker and Regehr 2002) . Paired-pulse ratio was significantly lower in the mutants relative to wild types (1.08 ± 0.06 in Dcdc2 wt/wt vs. 0.86 ± 0.02 pA in Dcdc2 del2/del2 , t 40 = 3.55, P = 0.001, Fig. 1H ), and this observation, along with the increase in spontaneous synaptic frequency without a change in spontaneous event amplitude or decay, is consistent with elevation in the presynaptic probability of transmitter release in Dcdc2 mutants.
Elevated mEPSC Frequency in Dcdc2 Mutants Is Decreased by NMDAR Antagonists
Presynaptic transmitter release can be influenced by activation of several types of metabotropic receptors (Takahashi and Kajikawa 1998; Cartmell and Schoepp 2000; Karim et al. 2001; Kreitzer et al. 2002; Freund et al. 2003 ) and ligand-gated ion channels (Berretta and Jones 1996; Chittajallu et al. 1996; Turecek and Trussell 2001) . Several studies have recently shown that activation of NMDARs can increase release probability in multiple brain regions including the neocortex (Corlew et al. 2008; McGuinness et al. 2010; Larsen et al. 2011; Kunz et al. 2013) . We therefore tested the possibility that the increased probability of release in Dcdc2 del2/del2 mice may be due to increased activation of NMDARs. We specifically blocked postsynaptic NMDARs in the recorded cells by a combination of hyperpolarization (−80 mV) and intracellular injection of MK-801 through the recording pipette (1 mM, in recording pipette). In these conditions, we found that bath application of the NMDAR antagonist APV (DL-APV, 100 µM) significantly decreased the frequency of mEPSCs in the mutant neurons, returning frequency of synaptic events back to wild-type levels (repeated-measures ANOVA, F 1,21 = 27.21, P < 0.0001, Bonferroni's multiple comparisons tests see figure legend, Fig. 2A-C) . We also tested the NR2B subunit-specific blocker Ro 25-6981 (0.5 µM), and found that blocking NR2B subunit-containing NMDARs also significantly reduced mEPSC frequency in the mutants (repeatedmeasures ANOVA, F 1,18 = 4.68, P = 0.042, Fig. 2D ).
Increased mEPSC Frequencies in Dcdc2 Mutants Is Not Caused by Elevated Ambient Glutamate
One possibility for elevated activation of NMDARs causing increased synaptic release of glutamate would be if ambient glutamate levels were elevated and this caused an increased baseline activation of NMDARs acting presynaptically. Elevations in extracellular glutamate concentrations without changes in receptor number or function could then lead to NMDAR-dependent increases in mEPSC frequencies. To test this, we measured mEPSC frequencies in high concentrations of the NMDAR agonist NMDA (20 µM) or in the presence of the excitatory amino acid transporters blocker TBOA (30 µM), followed by bath application of APV in both Dcdc2 mutants and wild types. If the elevated mEPSC frequency in mutants were the result of high concentrations of ambient glutamate alone, we reasoned that mEPSC frequency in wild types would be increased to mutant levels, and this would be blockable by APV. We found, in contrast, that mEPSC frequencies in wild types did not increase to mutant levels in the presence of NMDA or TBOA, and that addition of APV did not affect wild-type mEPSC frequencies (repeated-measures ANOVA, NMDA: F 2,30 = 2.60; TOBA: F 2,22 = 2.41, Tukey's pairwise multiple comparisons tests, see figure legend, Fig. 3A,B) . Elevated ambient agonist activation of NMDARs is therefore not sufficient to explain the increased frequency of spontaneous glutamatergic synaptic events in Dcdc2 mutants.
We also considered the possibility that depolarized RMP (Che et al. 2013 ) could lead to increased spontaneous synaptic glutamate release. To test this, we altered external K + concentration in the recording solution. We did not, however, observe an increase in wild-type mEPSC frequencies that reached mutant levels when extracellular K + concentration was elevated from 3 to 6 mM (2.55 ± 0.58 vs. 2.75 ± 0.60 Hz, t 5 = 0.97, P = 0.37) to achieve depolarization comparable with mutant levels (−73.80 ± 1.00 to −62.90 ± 2.40 mV), and APV did not decrease mEPSC frequencies in wild-type neurons with K + -depolarized membrane potentials (One-way ANOVA with Tukey's multiple comparisons tests, F 1.42,7.08 = 0.34, P = 0.65, Fig. 3C ). These results indicate that elevated RMP is not sufficient to increase spontaneous glutamatergic synaptic events to levels apparent in Dcdc2 mutants.
Evoked Glutamatergic Synaptic Transmission Is Enhanced in Dcdc2 Mutants due to Increased NMDAR Activity
We next tested whether the increase in probability of release during electrically evoked neurotransmission was dependent on NMDAR activation. To do this, we measured paired-pulse ratios to electrically evoked synaptic responses in wild types and mutants before and after APV bath application. As above, MK-801 was included in the recording pipette to block NMDARs in the postsynaptic cell. Bath application of APV in wild-type slices had no significant effect on paired-pulse ratios of synaptic responses (1.14 ± 0.05 before APV vs. 1.12 ± 0.08 in APV, t 7 = 0.22, P = 0.83, Fig. 4A,B) , while in mutants APV significantly increased paired-pulse ratios (0.85 ± 0.04 before APV vs. 1.02 ± 0.05 in APV, t 9 = 4.76, P = 0.001, Fig. 4B ), reverting them to levels observed at wild-type synapses (repeated-measures ANOVA, F 1,16 = 5.05, P = 0.039, Bonferroni's multiple comparisons tests, see legend, Fig. 4C ). In addition, APV decreased the amplitude of the first synaptic response in mutants (normalized, 1.06 ± 0.02 before APV and 0.71 ± 0.05 in APV, t 7 = 7.08, P = 0.0002) but not wild types (0.96 ± 0.02 before APV and 0.98 ± 0.03 in APV, t 6 = 1.11, P = 0.31, Fig. 4D,E) , indicating further an enhancement in evoked synaptic responses in Dcdc2 mutants dependent on presynaptic NMDAR activation. Taken together, these results suggest that similar to its effect on spontaneous release, elevated NMDAR activity on presynaptic cells is necessary to increased evoked transmitter release in mutant layer 4 neurons.
In order to further assess whether the effect of NMDAR block on Dcdc2 mutants was through presynaptic mechanisms, we determined the relationship between the coefficient of variation (CV) in synaptic responses, 1/CV 2 , and the normalized response amplitudes before and after the application of APV (Fig. 4F) . In this method, a data point falling under the diagonal line on the plot suggests presynaptic changes, since smaller response amplitude as a result of decreased transmitter release is accompanied by greater decrease in variation (Malinow and Tsien 1990; Faber and Korn 1991) . In mutant neurons, APV decreased the amplitude of synaptic responses and this was paralleled by a reduction in 1/CV 2 . A similar reduction was observed with baclofen (5 µM), a GABA B receptor agonist known to act presynaptically (Manabe et al. 1993; Tzounopoulos et al. 2007 ). In contrast, subsaturating concentration of NBQX (0.3 µM), which reduces response amplitude by blocking postsynaptic AMPA receptors, left CV unaffected (Fig. 4F) . These results further support that in Dcdc2 mutants, NMDAR activation alters evoked release by presynaptic mechanisms.
Evidence for a presynaptic locus of NMDAR-mediated change was further strengthened by a set of negative results assessing postsynaptic NMDAR function and expression by measuring the NMDAR/AMPAR ratio ( (Myme and Sugino 2003) , Fig. 5A,B) , the waveform of spontaneous postsynaptic NMDAR-mediated events (Fig. 5C,D) , and the expression of NR2B at post synaptic densities. We found no significant differences relative to wild type in NMDAR/AMPAR ratios of EPSCs (1.11 ± 0.24 in Dcdc2 , t 14 = 0.18, P = 0.86, Fig. 5B ) or in amplitudes of spontaneous miniature NMDAR-mediated synaptic events recorded at +40 mV (8.76 ± 0.75 in Dcdc2 wt/wt vs.
10.69 ± 0.86 in Dcdc2 del2/del2 , t 22 = 0.14, P = 0.14, Fig. 5D ), despite the increase in their frequency reported previously (Che et al. 2013 ). In addition, NR2B protein levels at the postsynaptic densities (PSDs) remained unaltered in the mutants by western blot analysis (0.59 ± 0.15 in Dcdc2 wt/wt vs. 0.66 ± 0.20 in Dcdc2 del2/del2 , relative to beta-actin, t 6 = 0.25, P = 0.81, Supplementary Fig. 2 ). These results together suggest that postsynaptic NMDAR function is not directly altered in Dcdc2 mutants. ANOVA (between variables: genotype, within variables: drug application), main effect of genotype on frequency: F1,15 = 9.14, P < 0.01. Followed by Tukey's multiple comparisons tests, difference significant between Dcdc2 wt/wt versus Dcdc2 del2/del2 : baseline (P < 0.01), +NMDA (P < 0.05); no significance: +NMDA and APV (P = 0.14). (gray bars) and Dcdc2 del2/del2 (red bars) layer 4 neurons. Repeated-measures ANOVA, main effect of genotype on frequency: F 1,11 = 7.27, P < 0.05. Followed by Tukey's multiple comparisons tests, difference significant between Dcdc2 wt/wt versus Dcdc2 del2/del2 : baseline (P < 0.05), +TBOA (P < 0.05); no significance: +TBOA and APV (P = 0.64). Dcdc2 wt/wt : n = 7, Dcdc2 del2/del2 : n = 6. (C) Average mEPSC frequencies for Dcdc2 wt/wt neurons in 3 mM K + (normal), 6 mM K + and 6 mM K + plus APV. One-way ANOVA with Tukey's multiple comparisons tests, F 1.42,7.08 = 0.34, P = 0.65, n = 6. Open circles connected with lines indicate individual neurons. *P < 0.05; **P < 0.01; ns, P > 0.05.
NMDAR-Mediated Increase in Presynaptic Glutamate Release at Layer 4-Layer 4 Connections but Not at Thalamocortical Connections
Layer 4 excitatory neurons in somatosensory barrel cortex mostly receive synaptic inputs from intracortical connections and from the thalamus (Benshalom and White 1986; Agmon and O'Dowd 1992; Feldmeyer et al. 1999; Petersen and Sakmann 2000; Schubert et al. 2003) . Although the horizontal extracellular stimulation within layer 4 that we used in our experiments above should largely recruit intracortical connections as previously suggested (Feldman et al. 1998) , given the high efficacy of thalamocortical synapses (Gil et al. 1999) , it should be directly tested whether NMDAR-mediated change in release in Dcdc2 mutants was present specifically at layer 4-layer 4 connections. We therefore isolated synaptic connections between layer 4 neurons by paired whole-cell recordings (Fig. 6A) . Responses between neurons by plotting EPSC amplitude ratio versus 1/CV 2 ratio ( postdrug/predrug) after and before NBQX (0.3 µM; blue circle, n = 6), baclofen (5 µM; green circle, n = 4), and DL-APV (100 µM; black circle, n = 12). Data points falling above the red-dotted line indicate a postsynaptic site of action, and those below a presynaptic site of action. *P < 0.05; ns, P > 0.05.
layer 4 pairs were measured by eliciting single action potentials in the presynaptic neuron with RMPs adjusted to −75 mV, and recording EPSCs in the postsynaptic neuron at −80 mV in voltage clamp (Fig. 6A,E,F) . Similar to results from extracellular stimulation, before applying NMDAR antagonists recordings from connected layer 4 pairs typically showed paired-pulse depression in Dcdc2 mutants but paired-pulse facilitation in wild types, with a significant difference in their paired-pulse ratios (1.33 ± 0.16 in Dcdc2 wt/wt vs. 0.83 ± 0.05 in Dcdc2 del2/del2 , t 21 = 3.21, P = 0.0042, Fig. 6B ). In addition, we found both the CV of EPSC amplitudes (0.47 ± 0.05 pA in Dcdc2 wt/wt vs. 0.29 ± 0.03 pA in
, t 21 = 3.18, P = 0.0045, Fig. 6C ) and failure rate in mutant unitary connections to be significantly lower relative to wildtype ones (0.17 ± 0.04 in Dcdc2 wt/wt vs. 0.06 ± 0.03 in Dcdc2 del2/del2 , t 21 = 2.23, P = 0.037, Fig. 6D ), indicating higher probability of transmitter release. No significant difference in the average amplitude of unitary responses was found (16.24 ± 3.38 pA in Dcdc2 wt/wt vs.
22.66 ± 3.42 pA in Dcdc2 del2/del2
, t 21 = 1.31, P = 0.21, data not shown). To test whether NMDAR activity was responsible for the difference in transmission reliability between layer 4 neurons, we then bath applied APV and measured the effect of APV on presynaptic release probability. Consistent with extracellular stimulation experiments, APV had no significant effect on paired-pulse ratio (1.32 ± 0.16 before APV and 1.14 ± 0.13 in APV, t 9 = 1.12, P = 0.29, Fig. 6G ) or response amplitude (16.24 ± 3.38 before APV and 14.58 ± 2.83 in APV, t 9 = 1.36, P = 0.21, Fig. 6J ) in the wild types, whereas in Dcdc2 mutants, APV significantly increased paired-pulse ratio (0.83 ± 0.05 before APV and 1.04 ± 0.09 in APV, t 12 = 2.93, P = 0.01, Fig. 6G ), accompanied by a decrease in first response amplitude (22.66 ± 3.43 before APV and 17.60 ± 2.94 in APV, t 12 = 3.81, P = 0.003, Fig. 6J ). Notably, paired-pulse ratio was reverted back to wild-type levels in mutants by APV (repeatedmeasures ANOVA, F 1,21 = 5.45, P = 0.030, Bonferroni's multiple comparisons tests, see legend, Fig. 6H ), and 1/CV 2 versus amplitude analysis was consistent with the effect of APV on presynaptic release and not on postsynaptic response amplitudes (Fig. 6I) . We next tested whether thalamic inputs to layer 4 neurons were altered in mutants. In contrast to recordings from connected layer 4 pairs, we found paired-pulse ratios (Hull et al. 2009 ) that did not significantly differ between wild types and mutants (0.71 ± 0.05 in Dcdc2 wt/wt vs. 0.68 ± 0.08 in Dcdc2 del2/del2 ).
Moreover, APV had no significant effects on paired-pulse ratios (repeated-measures ANOVA, F 1,12 = 3.97, P = 0.070, Bonferroni's multiple comparisons tests, see figure legend, Fig. 6K ) or response amplitudes (first response amplitude, normalized, 1.02 ± 0.07 in Dcdc2 wt/wt vs. 0.95 ± 0.07 in Dcdc2 del2/del2 , t 12 = 0.72, P = 0.48, Fig. 6L ). In summary, these data suggest increased synaptically evoked release probability in Dcdc2 mutants is mediated by enhanced activation specifically between L4-L4 connections.
Effect of NMDAR Activation in Mutants Is Enhanced by Elevated Evoked Glutamate
During paired recording experiments between layer 4 neurons, we observed greater increases in paired-pulse ratios after APV application in Dcdc2 mutant neurons with larger response amplitudes. : n = 7. *P < 0.05, **P < 0.01, ns, P > 0.05.
When average response size and the change in paired-pulse ratio for each cell were compared, we found while, in wild types, amplitudes did not correlate with changes in paired-pulse ratio after applying APV, larger amplitudes correlated with larger changes in Dcdc2 mutant neurons (Pearson correlation, Dcdc2
wt/wt : P = 0.89; Dcdc2 del2/del2
: P < 0.05, Fig. 7A,B) . This suggested that NMDAR activation by evoked release on presynaptic cells in the mutants is more pronounced when glutamate release amplitude is larger. Given this increased activation, we hypothesize that the additional NMDARs in mutants might be autoreceptors that can be activated with higher glutamate concentrations, revealing larger changes in paired-pulse ratio after APV application. To test whether the APV effect in mutants is glutamate release sizedependent, we adjusted extracellular stimulation intensity to evoke minimal responses or large responses in the same postsynaptic neuron. Small and large responses evoked by set intensities were assessed again after bath application of APV (Fig. 7C,  D) . While paired-pulse ratios of both small and large responses in the mutants were comparable pre-and post-APV, only large responses, but not small response paired-pulse ratios were affected by NMDAR block (2-way ANOVA, F 1,9 = 8.04, P < 0.05, Bonferroni's multiple comparisons test, see legend, Fig. 7F ), suggesting that the APV-sensitive EPSC component is more pronounced when more glutamate is released by multiple synapses. If additional glutamate arising from released glutamate accounts for enhanced APV effect in the large evoked responses, then we predicted that with minimum stimulation, addition of TBOA, which blocks amino acid transporters (Tzingounis and Nicoll 2004) , should reveal an APV effect on PPR in Dcdc2 mutants. Indeed, in the presence of a low concentration of TBOA (3 µM), even small responses (right) layer IV neuron evoked by minimal stimulus intensity before (black) and after (gray) APV application, measured in 3 µM TBOA at room temperature. wt/wt and Dcdc2 del2/del2 before APV (P < 0.05); no significance after APV (P > 0.05). Dcdc2 wt/wt : n = 7, Dcdc2 del2/del2 n = 9.
Cerebral Cortex, 2016, Vol. 26, No. 9 |in mutant synapses showed and APV sensitivity, returning them back to wild-type levels (repeated-measures ANOVA, F 1,14 = 6.70, P = 0.021, Fig. 7G,H) . These results indicate that during evoked synaptic release in mutants, NMDAR activation is enhanced in higher concentrations of glutamate, and this action is consistent with NMDARs activated by released glutamate "spilling over" to autoreceptors. We also noted that, for responses with amplitudes similar to extracellularly evoked small responses, paired recordings showed APV effects on PPR. This apparent discrepancy in small responses evoked by either paired recordings or minimal extracellular stimulation could be due to different populations of fibers recruited in extracellular minimum stimulation experiments where the presynaptic connection is not specified as in the paired intracellular recordings.
Finally, in an initial effort to determine whether the elevation in synaptic connectivity in somatosensory cortex may be relatable to a change in somatosensory-guided behavior, we compared wild-type and mutant animals in a novel stimulus recognition test designed to assess whisker-dependent texture discrimination. Although Dcdc2 mutant mice and wild-type mice showed a high degree of variability in this task, the Dcdc2 mutants overall performed significantly worse than wild-type mice ( Supplementary Fig. 1 ), suggesting preliminarily that Dcdc2 mutation impacts the ability of animals to either discriminate between different textures, or to keep in short-term memory a previously experienced somatosensory stimulus.
Discussion
In this study, we show that glutamatergic synaptic transmission is elevated in Dcdc2 mutant mice, and this elevation is at least in part through an NMDAR-mediated, presynaptic mechanism at L4 synaptic connections. We have shown previously that increased NMDAR-mediated activity is the cause for degraded spike-time precision in Dcdc2 mutant mice (Che et al. 2013) . The results of the present study suggest that the source of increased NMDAR activation that degrades spike-time precision may be through an increase in the probability of transmitter release, and but not by increased postsynaptic NMDARs. Elevated glutamate levels have been previously found in neurodevelopmental disorders including attention deficit/hyperactivity disorder (Carrey et al. 2007) , autism (Brown et al. 2013) , and most recently associated with individual differences in reading ability in emergent readers (Pugh et al. 2014) . Similarly, evidence has accumulated that NMDARs at locations other than the PSD may play important roles in neuropathologies (Lipton 2006; Zhao 2006; Okamoto et al. 2009; Hardingham and Bading 2010; Talantova et al. 2013) , which were previously attributed to postsynaptic NMDARs. In particular, presynaptic NMDAR dysfunction is found to be involved in epilepsy (Yang 2006) , fetal alcohol spectrum disorder (Valenzuela et al. 2008) , schizophrenia (Kristiansen et al. 2010) , chronic pain (Zhao 2006) , and spreading depression (Zhou et al. 2013) . Findings from our study might provide a cellular basis, that is, increased presynaptic transmitter release, for previously reported neurofunctional and neurochemical changes associated with RD. The enhanced level of glutamate release caused by activated presynaptic NMDARs may result in elevated network excitability and synaptic noise fluctuations, both of which could lead to less precise neural encoding (Harsch and Robinson 2000; Chance et al. 2002; Ermentrout et al. 2008; Mozzachiodi and Byrne 2010; Centanni et al. 2013; Che et al. 2013) .
Through pharmacological approaches, we demonstrated that NMDAR antagonism is effective in reducing the elevated release probability in Dcdc2 mutants to wild-type levels. In addition, we showed that the NMDARs responsible for increased synaptic transmission are likely not located postsynaptically, since their function was not blocked by either hyperpolarizing the postsynaptic cell or by MK-801 injected intracellularly. Although the specific locus of expression of NMDARs that act presynaptically is still debated (review see Duguid (2013) ), we argue that in the case of Dcdc2 mutants, presynaptically localized NMDAR function is the most parsimonious explanation. First, we were unable to find evidence supporting any changes in postsynaptic NMDAR and AMPAR expression or function. Second, although electrotonic spread of somatodendritic NMDAR activation could also contribute to increased glutamate release in the mutant, we did not observe changes in mEPSC frequencies when RMPs were depolarized in wild-type L4 neurons, suggesting that depolarized membrane potential alone could not account for the altered synaptic release measured in mutants.
Elevated function of presynaptic NMDARs could either result from increased activation of receptors present or near presynaptic terminals or through increased numbers of functional NMDARs transported to presynaptic terminals in Dcdc2 mutants. Elevated function of presynaptic NMDARs could result from increased levels of glycine, or changes in glycine-gated NMDAR subunits. Glycine-gated NMDAR subunits NR2B and NR3CA have been shown to have developmentally regulated roles in presynaptic NMDAR function (Li et al. 2008; Larsen et al. 2011 ) and activation of these subunits could be responsible for the effects we observe in Dcdc2 mutants. In addition, given the likely role of Dcdc2 in cytoskeletal functions based on its molecular similarity to other members of the DCX family and its interaction with JIP1, a kinesin cargo adaptor, we hypothesize that Dcdc2 regulates NMDAR protein trafficking to presynaptic terminals (Coquelle et al. 2006; Taylor et al. 2000) . Future studies interrogating whether NR2B and or NR3A subunits are increased in their number and/or transport to presynaptic terminals in Dcdc2 mutants seems well justified.
In neocortex of developing animals, NMDARs located presynaptically are necessary for the induction of an important form of synaptic plasticity, cortical LTD (Sjöström et al. 2003; Bender et al. 2006; Corlew et al. 2007; Rodríguez-Moreno and Paulsen 2008) . Interestingly, variants in GRIN2B, the gene coding for NR2B subunit, has been linked to weak performances in tasks involving short-term memory (Brkanac et al. 2008; Ludwig et al. 2009) , and RD-related phenotypes (Mascheretti et al. 2014) in individuals with RD. Dcdc2 mutant mice were shown to perform worse in short-term memory-based tactile discrimination tasks in our study ( Supplementary Fig. 1 ), as well as spatial working memory tasks in previous studies (Gabel et al. 2011; Truong et al. 2014) . These findings might suggest that the short-term memory deficits in Dcdc2 mutants could be related to similar changes in NR2B-associated pathways as in RD individuals.
Whether other dyslexia-associated genes are associated with changes in glutamatergic transmission remains an open question. One other study showed that knockdown by shRNA of Kiaa0319 in rat auditory cortex increases the excitability of pyramidal neurons, but changes in synaptic activity were not thoroughly examined in that study (Centanni et al. 2013 ). Dyx1c1 and Robo1, the other 2 genes with replicated association to dyslexia (Kere 2014), have not yet been examined for their potential roles in cellular synaptic physiology. Identification of the molecular pathways through which Dcdc2 regulates NMDAR presynaptic function and its developmental plasticity may lead to identification of new targets for understanding the genetic and/or environmental causes of RD.
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